Background: Listeria monocytogenes has two putative agmatine deiminase homologs, AguA1 and AguA2. Results: Only AguA1, but not AguA2, acts as functional agmatine deiminase and mediates acid tolerance in L. monocytogenes. Conclusion: Provided is the first biological insight into the roles of AgDI in acid tolerance of L. monocytogenes. Significance: We have discovered a novel residue Gly-157 other than the known catalytic triad (Cys-His-Glu/Asp) critical for L. monocytogenes AgDI activity.
bacterial species like Enterococcus faecalis or Streptococcus mutans (5, 6) . AgDI converts agmatine into putrescine and ammonia upon catalyzation (5, 7, 8) . Agmatine enters bacterial cells via an agmatine-putrescine antiporter (aguD), where it is hydrolyzed to N-carbamoylputrescine by agmatine deiminase (EC 3.5.3.12) (9) . Putrescine carbamoyltransferase (EC 2.1.3.6), encoded by aguB, mediates phosphorolysis of N-carbamoylputrescine, producing putrescine and carbamoylphosphate (10) . Finally, a carbamate kinase (EC 2.7.2.2) transfers the phosphate group from carbamoylphosphate to ADP (Fig. 1A) (11) . This pathway is thought to play an important role in acid resistance and competitive survival of Lactobacillus brevis (8) .
AgDI is a member of the guanidinium-modifying enzyme family that hydrolyzes the guanidinium groups of agmatine, arginine, or methylarginine to form the ureido-containing derivatives (12) . All enzymes of the guanidinium-modifying enzyme family contain a highly conserved catalytic triad (CysHis-Glu/Asp), which plays a significant role in catalysis and substrate binding (12, 13) .
The putative AgDI pathway in L. monocytogenes is encoded by the agu operon (14) . There are two homologs, AguA1 and AguA2, coded for by aguA1 and aguA2, respectively (Fig. 1B) . Sequence alignment of L. monocytogenes AgDI homologs to those from other species indicates that Asp-94, Glu-155, His-216, Asp-218, and Cys-356 might be the corresponding catalytic residues in both AguA1 and AguA2. Listerial AguA1 was initially annotated as a putative peptidyl-arginine deiminase (14) . Homology analysis reveals that AguA1 is actually an AgDI of the guanidinium-modifying enzyme family. Our previous study showed that this molecule was involved in acid tolerance because deletion of aguA1 (lmo0038 in strain EGD) led to reduced survival in acidic brain heart infusion broth at pH 4.0 (15) .
This study further characterized the biochemical and catalytic properties of two AgDI homologs of L. monocytogenes, AguA1 and AguA2, and their roles in acid stress response. We conclude that aguA1, but not aguA2 of L. monocytogenes, encodes a functional agmatine deiminase that contributes to acid tolerance, thus adding an additional acid stress response mechanism of L. monocytogenes other than the two well known glutamate decarboxylase and arginine deiminase (ADI) systems (10, 16 -19) .
MATERIALS AND METHODS
Chemicals-Agmatine sulfate, L-arginine monohydrochloride, L-citrulline, diacetyl-monoxime, and thiosemicarbazid were purchased from Sigma-Aldrich. N-Carbamoyl-putrescine was synthesized by the Institute of Pesticide and Environmental Toxicology or Zhejiang University. All other chemicals of analytical reagent grade were obtained from commercial sources.
Bacterial Strains, Plasmids, and Culture Conditions-L. monocytogenes 10403S was used as the wild-type strain. Escherichia coli DH5␣ was employed as the host strain for plasmids pMD18-T (Takara, Dalian, China), pET30a(ϩ) (Merck), pERL3 (10) and pKSV7 (15, 20) . L. monocytogenes was cultured in brain-heart infusion (BHI) medium (Oxoid, Hampshire, England). E. coli DH5␣ and Rosetta (DE3) (Merck) were grown at 37°C in LB broth (Oxoid). Stock solutions of ampicillin (50 mg/ml), erythromycin (50 mg/ml), kanamycin (50 mg/ml), and chloramphenicol (50 mg/ml) were added to the medium, where appropriate, at required levels.
Bioinformatic Analysis-The amino acid sequences of AguA1 and AguA2 of L. monocytogenes and its homologs in other microbial species were obtained from the National Centre for Biotechnology Information database. The sequences were aligned with Clustal X. Phylogenetic tree was constructed using the neighbor-joining method. The known crystal structure of E. faecalis agmatine deiminase (Protein Data Bank code 2JER) was acquired from the Protein Data Bank. Putative models of AguA1 and AguA2 were constructed using SWISS-MODEL Workspace (21) (22) (23) .
Transcriptional Analysis Using Quantitative PCR-L. monocytogenes 10403S was grown to the stationary phase (A 600 ϭ 0.6) in BHI broth at 37°C and then exposed to acidic conditions (pH 5.0) and neutral conditions (pH 7.0), respectively, for 60 min. Total RNA was extracted using the TRIzol method, and cDNA was synthesized with reverse transcriptase (TOYOBO, Osaka, Japan). Quantitative PCR was then performed in 20-l reaction mixtures containing SYBR quantitative PCR mix (TOYOBO) to measure transcriptional levels of aguA1 and aguA2 using an iCycler iQ5 real time PCR detection system (Bio-Rad) with specific primer pairs (supplemental Table S1 ). The housekeeping gene gyrB was used as an internal control for normalization as previously described (10) . Relative transcription levels were quantified by the 2 Ϫ⌬⌬CT method and shown as relative fold changes in comparison with that at pH 7.0 (24). Transcriptional analysis was repeated for three times on each test condition.
Construction of Deletion Mutants-Genomic DNA of L. monocytogenes 10403S was extracted as described previously (25, 26) . A homologous recombination strategy with SOE-PCR procedure was used for in-frame deletion to construct aguA1 and aguA2 single and double deletion mutants as described previously (15, 27) . The DNA fragments containing homologous arms upstream and downstream of aguA1 or aguA2 were obtained by PCR amplification of 10403S DNA templates using the SOE primers (supplemental Table S1 ). Each of the SOE-PCR products with deletion of aguA1 or aguA2 was cloned into the temperature-sensitive shuttle vector pKSV7, which was then transformed into E. coli DH5␣. The recombinant vectors containing the target gene deletion cassettes were confirmed by sequencing. A previous protocol was followed for deletion of the targeted genes via allelic exchange (27) . Briefly, the competent L. monocytogenes 10403S cells were electroporated with one of the vector constructs. Transformants were grown at a nonpermissive temperature (41°C) in BHI medium containing chloramphenicol (10 g/ml) to promote chromosomal integration, and the homologous recombinants were passaged successively in BHI medium without antibiotic at a permissive temperature (30°C) to enable plasmid excision and curing (28) . The recombinants were identified as chloramphenicol-sensitive colonies and confirmed by PCR and DNA sequencing. The single deletion mutants ⌬aguA1 and ⌬aguA2 were generated initially. The mutant strain ⌬aguA1 was used in a second round of mutagenesis to construct the ⌬aguA1⌬aguA2 double deletion mutants.
Complementation of aguA1 Deletion-To complement the L. monocytogenes ⌬aguA1 strain, the aguA1 ORF with its promoter region was amplified from 10403S using primer pairs aguA1-w/x and aguA1-y/z by SOE-PCR (27) (supplemental Table S1 ). After restriction with appropriate enzymes, the PCR fragment was cloned into pERL3. The resulting plasmid was then electroporated into L. monocytogenes ⌬aguA1. The regenerated cells were plated on BHI agar containing erythromycin (5 g/ml). The complemented strain was designated as L. monocytogenes ⌬aguA1ϩaguA1.
Survival in Synthetic Gastric Fluid-Stationary phase cultures of L. monocytogenes 10403S, mutants (⌬aguA1, ⌬aguA2, and ⌬aguA1⌬aguA2), and complemented strain ⌬aguA1ϩaguA1 were harvested, washed in PBS, and resuspended in synthetic human gastric fluid (8.3 g/liter of proteose peptone, 3.5 g/liter of D-glucose, 2.05 g/liter of NaCl, 0.6 g/liter of KH 2 PO 4 , 0.11 g/liter of CaCl 2 , 0.37 g/liter of KCl, 0.05 g/liter of bile, 0.1 g/liter of lysozyme, and 13.3 mg/liter of pepsin; adjusted to pH 2.5 with HCl) as described previously (16) . After 30 min of incubation at 37°C, the survival bacterial cells were plated onto BHI agar after appropriate dilutions. The plates were incubated at 37°C for 24 h, and survival rates are reported as the means of three independent experiments, each performed in duplicate.
Survival in Mouse Stomach-ICR mice (20 Ϯ 2 g, female) were divided into five groups (eight mice per group) and acclimated for 3 days before experiments. Feed was removed 12 h prior to intragastric inoculation. Two-hundred l of listerial cells containing 4 -6 ϫ 10 8 CFU of wild-type, mutant, and complemented strains grown overnight in BHI medium at pH 7.0 was administered to mice of corresponding groups by intragastric inoculation using a ball-tipped gavage needle. At 1 h after inoculation, the stomach samples were separated and homogenized in sterile PBS (10 mM, pH 7.4). Serial dilutions of the homogenates were plated on PALCAM (Listeria selective medium) (Luqiao, Beijing, China) agar (29). The plates were incubated at 37°C for 24 h for colony counting. A group of eight mice from the same batch was left uninoculated as controls that did not show visible colonies on PALCAM agar. The results were expressed as means Ϯ S.E. of log 10 CFU per stomach for each group. The animal experiments were approved by the Laboratory Animal Management Committee of Zhejiang University (approval no. 20111025).
Prokaryotic Expression and Purification of AguA1 and AguA2-AguA1 and AguA2 were expressed as fusion proteins to the N-terminal His tag using pET30a(ϩ) as the expression vector. E. coli Rosetta (DE3) was used as the expression host. The full-length ORFs of aguA1 and aguA2 were amplified with primer pairs aguA1-exp-F/R and aguA2-exp-F/R (supplemental Table S1), respectively, and then inserted into the pET30a(ϩ) vector after restriction digestion. The resulting plasmids were designated as pET-aguA1 and pET-aguA2. E. coli cells harboring the recombinant plasmids were grown in 500 ml of LB medium supplemented with 50 g/ml kanamycin at 37°C until the cultures reached 0.6 -0.8 at A 600 . Isopropyl ␤-D-1-thiogalactopyranoside was then added to a final concentration of 0.4 mM to induce expression of AguA1 and AguA2 for 12 h at 15°C.
The His-tagged fusion proteins AguA1 and AguA2 were purified using the nickel-chelated affinity column chromatography. Briefly, isopropyl ␤-D-1-thiogalactopyranoside-induced cell pellets were collected, resuspended in 50 mM PBS (pH 7.4), and disrupted with 100 cycles of sonication at 300 W for 5 s with intermittent cooling on ice for 10 s (25 min in total). After centrifugation at 12,000 ϫ g for 20 min, the supernatant samples were collected and loaded onto a 2-ml prepacked nickelchelated agarose gel column (Weishi-Bohui Chromtotech Co., Beijing, China). The columns were washed with PBS containing 500 mM NaCl and 30 mM imidazole, and the bound proteins were eluted with a linear gradient of 25-500 mM imidazole prepared in the same buffer. Expression and purification of recombinant proteins was analyzed by 12% SDS-PAGE followed by Coomassie Brilliant Blue staining. Protein concentration was quantified using the Bradford method for AgDI activity and kinetic assays. The purified enzyme AguA1 was stored in 50% glycerol at Ϫ80°C.
Site-directed Mutagenesis-To identify the predicted active sites of AguA1 and AguA2, single site-directed mutants D94A, D94E, E155A, E155D, H216A, H216R, D218A, D218E, G157C, and C356A mutants for AguA1 and Y47F, C157G, F196L, N236D, and H360Q for AguA2 were generated on the vector template pET-aguA1 or pET-aguA2 using the QuikChange site-directed mutagenesis kit (Agilent, Santa Clara, CA) and the oligonucleotide primers (supplemental Table S2 ). The template DNA was removed by digestion with DpnI (TOYOBO) for 2 h at 37°C. All mutants were sequenced to ensure that only the desired single mutations had been incorporated correctly into the wild-type expression constructs. The mutant proteins were expressed and purified as described above.
Enzyme Kinetic Assays of AguA1 and AguA2-The AgDI activity was assayed by monitoring production of ureido-containing compounds (30 -33 (32) . N-Carbamoylputrescine or citrulline formation was quantified from the calibration curves of reference chemicals at A 530 nm .
The Michaelis-Menten kinetic curve was determined by incubating 2.5 M purified enzyme with varying amounts of agmatine (0 -10 mM) in the assay buffer (100 mM potassium phosphate buffer, pH 7.5; final reaction volume, 500 l). The reaction was initiated by adding the enzyme and terminated by the addition of 100 l of 50% trichloroacetic acid (Sigma) after incubation at 25°C for 30 min. Volumes of 120-l reaction samples were then mixed with 400 l of the coloring reagent. The mixtures were boiled at 100°C for 5 min and then cooled down to room temperature for absorbance measurement at A 530 nm . Product formation was quantified from the calibration curves as described above. Enzymatic reaction rates (v 0 ) versus substrate concentrations were fitted to a Michaelis-Menten equation (Equation 1) by a nonlinear regression method, and the values K m , V max , and k cat were determined by fitting the data to the equation using the program GraphPad Prism (GraphPad Software, San Diego, CA), , and Ni 2ϩ on AguA1 activity were determined by preincubating the enzyme with varying concentrations (0 -10 mM) of each metal ion for 30 min at 4°C. The remaining procedures were the same as above. The 50% inhibitory concentration (IC 50 ) is defined as the concentration of metal ions required for 50% decrease of maximum enzyme activity. The percentage of inhibition versus the logarithm of inhibitor concentrations was plotted, and the IC 50 values were determined by using the program GraphPad Prism.
Substrate Specificity and Competitive Assay-To determine the substrate specificity of AguA1, arginine was used as another guanidinium-containing compound to test for its ability to act as the substrate or competitive binding inhibitor. The reaction was initiated by adding 10 mM agmatine and varying concentrations (0 -10 mM) of arginine into the assay buffer (100 mM potassium phosphate buffer, pH 7.5; 500 l of final volume) containing 2.5 M enzyme. The remaining procedures were the same as above.
Statistical Analysis-All data comparisons were analyzed using the two-tailed homoscedastic Student's t test. In all cases, differences with p values of Ͻ0.05 were considered as statistically significant. The GraphPad Prism 5 program was used for nonlinear fitting to the Michaelis-Menten equation.
RESULTS
Amino Acid Sequence Analysis of AguA1 and AguA2-The two putative agmatine deiminases AguA1 and AguA2 of L. monocytogenes share a high level of amino acid sequence identity (67.7%) and are clustered together in the same branch. However, they form a sister branch to AgDIs from other species with 23.9 -73.6% amino acid sequence identity ( Fig. 2A) .
Agmatine deiminases are members of the guanidiniummodifying family enzymes, a family that includes enzymes that hydrolyze the guanidinium groups of arginine, peptidyl-arginine, methylarginine, and agmatine to form the ureido-containing derivatives (12) . A catalytic triad (Cys-His-Glu/Asp), which plays a significant role in substrate binding and catalytic activity, has been identified from the crystal structures of known ADIs (34 -36) . Although AgDIs show homology to ADIs with similar structures and reaction mechanisms, they differ in their substrates (5, 8, 30 ). Alignment with AgDIs from other species indicates that Asp-94, Glu-155, His-216, Asp-218, and Cys-356 are the corresponding catalytic residues of L. monocytogenes AguA1 and AguA2 (Fig. 2B) . However, there are five specific residues (Tyr-47, Cys-157, Phe-196, Asn-236, and His-360) of AguA2 differing from other AgDIs including AguA1, which might affect its agmatine deiminase activity (Fig. 2B) . We modeled the structures of AguA1 and AguA2 using the crystal structure of E. faecalis AgDI (Protein Data Bank code 2JER) as the template (supplemental Fig. S1 ) (5) . The predicted protein structures of AguA1 and AguA2 show high similarity to E. faecalis AgDI (supplemental Fig. S1 ), including a fanlike structure with five blades that result from a 5-fold pseudosymmetric structure in which each repeating element consists of a three-stranded mixed ␤ sheet and a helix in a ␤␤␣␤ arrangement (5, 30) . These results suggest that AguA1 and AguA2 of L. monocytogenes are typical AgDIs that might exhibit agmatine deimination activity.
AguA1, but Not AguA2, Mediates Acid Tolerance of L. monocytogenes-To investigate whether aguA1 and aguA2 were induced under acidic conditions, quantitative RT-PCR was conducted to assess relative gene transcription levels in response to acidic stress at pH 5.0. Transcription of both aguA1 and aguA2 was about 13-and 15-fold, higher at acidic pH 5.0 than at pH 7.0 with the statistical p values of 0.018 and 0.016, respectively (Fig. 3A) .
To further determine whether aguA1 and aguA2 contribute to survival in acidic environments, L. monocytogenes 10403S, aguA1/aguA2 single and double mutants and aguA1 complement strain were exposed to synthetic gastric fluid at pH 2.5. Only the mutants ⌬aguA1 and ⌬aguA1⌬aguA2 exhibited significant reduction in the survival rate as compared with the parent and complemented strains (p Ͻ 0.01). Deletion of aguA2 did not significantly impair its survival (Fig. 3B) . Furthermore, we found that only the mutants ⌬aguA1 and ⌬aguA1⌬aguA2 showed significantly lower survival in mice stomach than the parent strain 10403S (Log 10 CFU: 5.7 and 5.5 versus 6.6, p Ͻ 0.01). Complementation of aguA1 restored its survival to a level (Log 10 CFU: 6.5) similar to that of the parent strain (Fig. 3C) . These findings suggest that only AguA1, but not AguA2, is involved in listerial resistance to acid stress, although both were induced at the mRNA level under the acidic condition.
Expression and Purification of AguA1 and AguA2-The two putative agmatine deiminase homologs AguA1 and AguA2 from L. monocytogenes were expressed in E. coli Rosetta (DE3) with apparent bands at expected molecular masses (46.8 kDa for AguA1 and 47.9 kDa for AguA2). His-tagged AguA1 and AguA2 were purified to homogeneity by nickel-chelated affinity column chromatography, yielding pure proteins (ϳ20 and ϳ40 mg/liter culture for AguA1 and AguA2, respectively) seen as single bands on the SDS-PAGE gel (Fig. 4A) .
Optimal Conditions for Enzyme Activity-Enzymatic activities were tested by incubation of 2.5 M of each enzyme in the reaction mixtures containing 10 mM agmatine or arginine as a substrate, and the product N-carbamoylputrescine or citrulline was measured at the indicated time points. AguA1 produced increasing amounts of N-carbamoylputrescine that was linear until 20 min and reached the highest level after 30 min of incubation (Fig. 4B) . Specific activity was 2050 units/mg when cal-culated from the linear range in the presence of agmatine. No citrulline was formed when arginine was used as the substrate for AguA1. However, AguA2 showed no deiminase activity either on agmatine (Fig. 4B ) or on arginine (data not shown) as the substrate, suggesting that only AguA1, but not AguA2, acts as the functional agmatine deiminase in L. monocytogenes.
AguA1 exhibited high agmatine deiminase activity in a wide range of pH conditions from 3.5 to 10.5 with optimal pH at 7.5 ( Fig. 4C) , suggesting that the activity of AguA1 is not sensitive to pH, which is consistent with its contribution to acid tolerance under low pH conditions (Fig. 3, B and C) . However, AguA1 showed varying activities at different temperatures, optimal at 25°C and the residual activity was 39 and 12% at 37 and 45°C, respectively (Fig. 4D) .
Kinetic Properties of AguA1-AguA1 was tested for its kinetic properties under the optimal conditions at 25°C and pH 7.5 by incubating 2.5 M of the enzyme in the reaction mixtures containing 10 mM agmatine as the substrate. Plotting of enzymatic velocity against substrate concentrations yielded a curve that fits the classical Michaelis- Fig. 4E ). The K m value of AguA1 is similar to that for P. aeruginosa AgDI (0.6 mM) (37) (41), H. pylori (30) , P. aeruginosa (37) , E. faecalis (5) , and L. brevis (8) . A variety of guanidinium-containing small molecules (agmatine analogs) fail to substitute for agmatine as substrates for this enzyme. To determine whether AguA1 also has similar substrate specificity, L-arginine, another guanidinium-containing compound, was used to see whether it could be utilized by AguA1. Fig. 4F shows that there was no formation of citrulline from L-arginine in the presence of AguA1, indicating that L-arginine does not act as the substrate for AguA1. Moreover, arginine showed no competitive effect on agmatine even at high concentrations up to 10 mM (Fig. 4F) . Thus, AguA1 demonstrates distinct preference for agmatine, as is the case with other AgDIs.
Metal Inhibition of AguA1-Metal ions Cu 2ϩ , Zn 2ϩ , and Co 2ϩ inhibited AguA1 with varying degrees of potency with respective IC 50 of 0.034 Ϯ 0.008 mM (Fig. 5A) , 0.25 Ϯ 0.05 mM (Fig. 5B) , and 2.89 Ϯ 0.82 mM (Fig. 5C ), indicating that copper ion is the most inhibitory. There was no inhibitory effect on AguA1 activity with Fe 3ϩ , Mg 2ϩ , and Ni 2ϩ ions, even at highest concentrations (10 mM) (data not shown). These results suggest that the active sites of AguA1 could be susceptible to such metal ions as Cu 2ϩ , Zn 2ϩ , and Co 2ϩ . Thermostability of AguA1-The purified enzyme preparation, when stored at 4°C, maintained activity for at least 1 month (85% activity retained). However, 80% of the activity was lost when it was exposed to 25°C for 6 h (Fig. 5D ), indicating that AguA1 is sensitive to temperature, and its purification should proceed under 4°C.
Effect of Site-directed Mutagenesis on the Activities of AguA1 and AguA2-Bioinformatic analysis suggests that Asp-94, Glu-155, His-216, Asp-218, and Cys-356 could be the corresponding catalytic residues for AguA1 and AguA2 (Fig. 2B) . These residues were substituted by site-directed mutagenesis. The mutant proteins were expressed and purified, and their enzymatic activity was characterized in a way identical to that of the wild-type enzyme. Mutant proteins at D94A, E155A, H216A, D218A, and C356A completely lost their ability to degrade agmatine (Fig. 6A ). Mutants substituted with amino acids of similar biochemical properties at the same sites (D94E, E155D, H216R, and D218E) also lost the enzyme activity (Fig. 6A) . Therefore, kinetic analysis was not applied to these mutant pro- teins (Table 1) . These results indicate that the corresponding residues in L. monocytogenes AguA1 play a critical and irreplaceable role in its catalytic activity, consistent with those obtained for other AgDIs and ADIs (30, 34, 42, 43) .
AguA2 did not show any deiminase activity (Fig. 4B) , although it has high homology and similar crystal model to AguA1, including the five critical residues (Fig. 2B and  supplemental Fig. S1 ). However, we found that there are five specific residues (Tyr-47, Cys-157, Phe-196, Asn-236, and His-360) of AguA2 that differ from AguA1 and other AgDIs (corresponding residues: Phe, Gly, Leu, Asp, and Gln) (Fig.  2B) , which might account for the loss of its deiminase activity. To verify our hypothesis, site-directed mutant proteins at Y47F, C157G, F196L, N236D, and H360Q for AguA2 were generated, and their enzymatic activity was determined. Interestingly, we found that AguA2 acquired agmatine deiminase activity only when Cys-157 was mutated to Gly, whereas the other mutants were still inactive (Fig. 6B) . We also confirmed that AguA1 with G157C mutation led to the complete loss of the enzyme activity (Fig. 6C) . This is the first time that Gly-157 has been discovered as a key residue in addition to those known to be essential for AgDI activity. Protein BLAST did not show any mutation with Gly-157 from the available UniProt Protein database for L. monocytogenes, further confirming that AguA1 is the only functional AgDI in this bacterium. 
DISCUSSION
The ability of Listeria monocytogenes to tolerate low pH environments is of importance to its pathogenicity because the pathogen encounters acidic environments in the nature and food processing industry in vitro and during passage through the stomach or even within macrophage phagosomes in vivo (44) . A number of acid resistance mechanisms have been identified in L. monocytogenes, such as glutamate decarboxylase and ADI systems, and F 1 F 0 -ATPase (2, 37, 45) . The AgDI pathway generally contains a panel of genes coding for AgDI, putrescine transcarbamoylase, carbamate kinase, and agmatine-putrescine exchanger (8) . However, there are two putative AgDI homologs, AguA1 and AguA2, encoded by aguA1 and aguA2, respectively, in L. monocytogenes. This is also seen in L. brevis IOEB 9809, Lactobacillus sakei, and Pediococcus pentosaceus (8) . AgDI is one of the three crucial enzymes constituting the AgDI pathway, which deiminates the substrate agmatine to produce N-carbamoylputrescine and NH 3 . Ammonia can combine with intracellular cytoplasmic protons to yield ammonium ions (NH 4 ϩ ), thereby alleviating acidification of the cytoplasm and contributing to pH homeostasis (6, 7, 46) . Initially, we found that both aguA1 and aguA2 were induced at the mRNA level when L. monocytogenes was subjected to low pH at 5.0, suggesting that both AguA1 and AguA2 could be involved in acid tolerance (Fig. 3A) . However, only the ⌬aguA1 mutant, but not the ⌬aguA2 mutant, exhibited significant reduction of its survival both in synthetic human gastric fluid (pH 2.5) and mice stomach, as compared with its parent and complemented strains (Fig. 3, B and C) . Enzyme assays revealed that L. monocytogenes AguA1 had typical substrate specificity of AgDI, whereas AguA2 showed no deiminase activity. However, we found a specific residue, Cys-157, of AguA2 differing from other AgDIs including AguA1 that could be involved in AgDI activity because the mutant AguA2 at C157G converted agmatine to N-carbamoylputrescine. To our surprise, single mutation of G157C of AguA1 led to the loss of its enzyme activity. Further bioinformatic search reveals that Gly-157 for AguA1 and Cys-157 for AguA2 are conserved in all L. monocytogenes sequences (total 68 sequences) available in UniProt protein database. Therefore, we come to the conclusion that AguA1 is the only functional AgDI that contributes to acid tolerance of L. monocytogenes. To our knowledge, This is the first time that Gly-157 has been uncovered as another key residue other than those previously found essential for AgDI activity.
The AgDI pathway closely resembles the ADI pathway. The two pathways consist of similar enzymes performing similar reactions but only differ in their substrates. ADI catalyzes deimination of L-arginine but not L-agmatine, whereas AgDI catalyzes deimination of agmatine but not L-arginine. Although ADI and AgDI are structurally divergent in the region of the active site that interacts with the C ␣ H(NH 3 ϩ )(COO Ϫ ) region of the substrate, the regions that interact with the guanidino group of the substrate are quite similar (43) . Despite their unique substrate specificity, both ADIs and AgDIs contain a highly conserved catalytic triad (Cys-His-Glu/Asp). In this study, site-directed mutagenesis indicates that Asp-94, Glu-155, His-216, Asp-218, and Cys-356 are the corresponding catalytic residues in L. monocytogenes AguA1 because single mutation at any one of these residues completely abolished the enzymatic activity (Table 1 and Fig. 6 ). Although these residues are also present in AguA2, there was no enzyme activity unless the Cys-157 residue was mutated to glycine as discussed above. Our findings expand the current understanding of microbial AgDIs including L. monocytogenes with a novel key residue uncovered as having catalytic activity (30, 34, 42, 43) . The AguA1 of L. monocytogenes most likely employs similar catalytic mechanisms of the guanidinium-modifying enzyme family previously described (30, 34, 35) .
In conclusion, L. monocytogenes harbors two putative agmatine deiminases, but only AguA1 functionally participates in the AgDI pathway and contributes to its acid tolerance. AguA1 is specific for agmatine catalysis, sensitive to some metal ions such as Cu 2ϩ , Zn 2ϩ , and Co 2ϩ , and optimal at 25°C and over a wide range of pH from 3.5 to 10.5. We have also discovered a novel residue Gly-157 other than the known catalytic triad (Cys-His-Glu/Asp) critical for L. monocytogenes AgDI activity. Further research is required to examine the role of aguD, as the agmatine-putrescine antiporter, in the proposed AgDI system of L. monocytogenes and in acid tolerance.
